ABSTRACT Human subjects were exposed to tetrachloroethene (perchloroethylene, PER). The duration of exposure ranged from one to 60 minutes and the concentration of PER in inhaled air ranged from 0-02 to 0 40 mmol/m3. Alveolar air was sampled after several residence times (t*) in the lung. Both during and after exposure, the concentration of PER in alveolar air (CAIV) as a function of the residence time was studied to estimate the concentration in the pulmonary artery (Cven: mixed venous blood) and in the pulmonary vein (CA,,: arterial blood). During exposure CA1V decreased as function of t*. At t* = lOs CAIV was 70-75% of the value presented at t* = 5s; this decrease approximates an exponential curve. CAIV seemed to stabilise at t* = 10-12 s, whereas it decreased more rapidly at t* > 12 s; this decrease continued up to at least t* = 55s when CAIV was about 40% of the value it represented at t* = 5 s. In the postexposure period CAIV increased as function of t* from 5 to IO s. Both during and after exposure, no difference was observed between CA1V at t * = 10 s and CAIV in the exhaled part of the expiratory reserve volume. A simple gas exchange model showed that the decrease or increase of CAIV at t* < IO s could be explained by either absorption or excretion by mixed venous blood. CAIV at t* = 10-12 s provided a valid estimate of Cven. To estimate CArt, its fluctuating character due to the discontinuous breathing with a breathing frequency had to be taken into account. It is shown that CAI, during normal breathing (t* = 5 s) provides a reasonable estimate of the time weighted concentration in arterial blood.
mate of the time weighted concentration in arterial blood.
In biological monitoring for several solvents a relation has been studied between external level of exposure and a biological concentration (in blood, urine, or breath, for example) for a group of workers.' 2 This relation is usually poor because of uncertainties in, for example, inter/intraindividual differences in the kinetic behaviour of the agent or its metabolites.
Human exposure experiments are suitable for studying the individual kinetics by measuring the course of concentration of agents/metabolites in breath or blood. To study the individual kinetic behaviour one has to account for kinetic phenomena ranging from fast to slow. The fast kinetics concern the distribution among rapidly perfused organs/ tissues such as the brain or the kidneys; they are important during peak concentrations and in the early postexposure period. Studying fast kinetic phenomena in experiments can be helpful in more detailed compartment modelling in which circulation times may play an important part. 3 The slow kinetics Accepted 2 April 1986 concern the absorption or desorption in the slowly perfused organs/tissues-for example, the fat; they are most important in a late postexposure period.
To study the fast kinetic behaviour, the blood in the pulmonary artery seems to be one of the most important biological media. Blood in the pulmonary artery is mixed venous blood composed of all types of local venous blood and therefore of all contributions from perfused organs/tissues with different concentrations.
The purpose of our investigation was to study optimal alveolar air sampling conditions in order to estimate the concentration in mixed venous blood during and after exposure to solvents, with the aid of accurate sampling and analysis of alveolar air.
Subjects were exposed to tetrachloroethene vapour (PER). This solvent was chosen because it has a blood-air partition coefficient of the same order of magnitude as many other solvents; sampling conditions therefore do not deviate largely from those applying to other solvents. 4 In addition, a highly accurate analysis of PER may be obtained down to low concentrations using gas chromatography with 814 group.bmj.com on July 6, 2017 -Published by http://oem.bmj.com/ Downloaded from Alveolar sampling of tetrachloroethene an electron capture detector; this allows the exposure of subjects to concentrations of PER far below the TLV (335mg/m3). From the kinetic point of view, PER is relatively easy to describe as it is scarcely metabolised and is almost totally excreted by exhalation.56
Methods

PROCEDURE
In a period of six months six volunteers (3 men, 3 women) were exposed at rest several times to different concentrations of tetrachloroethene (Perchloroethylene, PER).
Concentrations in the inhaled air ranged from 0-02 to 004mmol/m3 (05-9ppm) and exposure lasted from one to 60 minutes. The respiratory frequency (f) was about 12/min and the minute volume of ventilation (MV) about 5-81. Subjects were in the sitting position and they breathed quietly through a valve out of a Tedlar bag; only when a sample was taken did the subjects hold their breath for some seconds before exhalation. After this exhalation, a sample of the last part of alveolar air was collected. At the end of exposure the bag was shut off and the subjects immediately inhaled fresh air.
Different alveolar air sampling methods were used during and after exposure: method I (normal): normal inhalation followed by normal exhalation; 815 method 2 (breath holding): normal inhalation followed by breath holding for 1-50s and normal exhalation; method 3 (reserve volume): after a normal inhalation and exhalation, the subjects exhaled part of the expiratory reserve volume which had about the same volume as that of normal exhalation (about 0-4l).
The postexposure period lasted for a further three days. To maintain the same experimental conditions in the early postexposure period as during exposure, the subjects breathed fresh air through the valve for the first 10 minutes after exposure.
APPARATUS
A Tedlar polyvinylfluoride bag (capacity 4001) was connected to a glass tube system (id 21 mm), which contained a valve, a flowmeter and a gas volume meter (fig 1) 
Sample location
group.bmj.com on July 6, 2017 -Published by http://oem.bmj.com/ Downloaded from 816 dead volume of 10ml and a pressure resistance of 135 Pa (1 mm Hg) to normal expiration and inspiration. The valve is made from aluminium and polycarbonate (macrolon) and the moving part inside the valve is made from nylon 11 (Rilsan); absorption and desorption were not observed. The valve and the tube system were heated to 37°C to avoid condensation of exhaled air.
After exhalation, samples of the last part of alveolar air could.be collected at location B with the help of vacuum sampling tubes (45 ml); the vacuum tube was opened for two seconds. These vacuum tubes were kept at 37°C. The temperature of the exhaled alveolar air at location B was about 34 5°C. When the exhaled air had passed location B, it flowed through a flow meter and a gas volume meter (Wilson G4). The flow meter (Monaghan 403, pulmonary function analyser) registered the expired air flow continuously, thus allowing a check of the breathing frequency, time of breath holding, and irregularity of breathing. In combination with the gas volume meter, it was possible to determine the total volume and to recognise possible hyper/hypoventilation. Before the air entered the gas volume meter, it was cooled to room temperature to avoid corrosion.The pressure resistance of the whole system to normal expiration was about 270 Pa (2mmHg).
At the end of exposure, the cock in the glass tube system was closed and the cap unscrewed: the subject immediately inhaled fresh air.
Before sampling, the pressure in the vacuum sampling tube was less than 270 Pa (2 mm Hg). The tube was sealed by a PTFE-Teflon stopcock (Quickfit, Rotaflo). The dead space of the bore was 0-3% of the sampling volume. A screwcap sealed one end of the tube. This cap had a predrilled hole for gas sampling, a silicon rubber liner (septum), and a smooth Teflon We analysed the samples with a standard deviation of 1-2%; the value of this SD was determined by sampling and analysing the water saturated air stream with a constant concentration of PER coming from the standard generator. The detection limit was about 0 006 yumol/m3 (1 pg/m3). Correction to BTPS conditions did not affect the results.
Results
COURSE OF ALVEOLAR CONCENTRATION
Samples were taken after different periods of breath holding. Because the last part of the exhaled air was collected, a distinction has to be made between the time of breath holding and the residence time in the lung. The time of breath holding refers to the time interval between the end of inhalation and the start of exhalation. The residence time (t*) is defined as the time interval between the beginning of inhalation and the end of the next exhalation-that is, the time in which gas exchange with mixed venous blood can take place (fig 2) . In this paper all samples taken after a certain breath holding time are expressed with their corresponding residence times. At a breathing frequency of 12/min, a zero breath holding time corresponds to a residence time of t* 5s, whereas a sample of the reserve volume corresponds to t* 70s. group.bmj.com on July 6, 2017 -Published by http://oem.bmj.com/ Downloaded from 818 (CI) at different residence times. During exposure, the curves were obtained by curve fitting the sample points with the same t* using a summation of two exponential terms which corresponds to a two compartment model.7 Although there was an intra-and interindividual variability in the level of CAI,, the ratios between the CAIV values with different residence times reproduced well in all experiments. Immediately after the end of exposure, the alveolar concentration decreased rapidly.
SAMPLING ERRORS
In addition to the error in the analysis (1-2%), an additional error might be introduced by the method of sampling. In practice t* could not be fixed-for example, sampling after zero breath holding time was carried out with a measured t* = 40 -6-0 s. In addition, it was observed that during exposure, an increase or decrease in the minute volume of ventilation (MV) caused respective increases or decreases within 20 s in the course of CAIV. Under these conditions, during a single exposure the weighted residual errors of the measured concentrations around the individual two exponential fitted curve at the 5 s, 10 s, and 20 s residence time and the reserve volume were about 5%.t
After exposure the residual error in the measured concentrations around an exponential fitted line of 5s, lOs, 20s residence times, and of the reserve volume, was about 2-5%. During the postexposure period triplo samples were within 3%. Figure 4 illustrates that the alveolar concentration strongly depends on the residence time (t*). Sampling was carried out in detail with subjects a and b with an exposure duration of t > 14 minutes. In each experiment samples were taken at several times during exposure with several residence times between 4-8 and 26 s; for each value of t*, sampling took place three to eight times. By means of curvilinear interpolation, the alveolar concentration for a certain t* was estimated at an exposure time point (t = 14 min). Figure 5 shows the course of CA,V(t*)/Cl in eight experiments on subject a as a function of the residence time (t*) at the exposure time point of 14 sured alveolar concentration, but the alveolar concentration decreases rapidly with increasing t*. If the t* is increased from 5 to 6 s, this results in a decrease of the alveolar concentration of about 10%.
EFFECT OF BREATH HOLDING ON ALVEOLAR CONCENTRATION DURING EXPOSURE
The alveolar decrease in the range of t* = 5-10 s approximates an exponential curve up to about t* = 10 s. At t* = 10 s, the decrease of alveolar concentration is 20-25% compared to the value at t* = 5 s. At t* > 10 s the decrease of CAI, continues. The concentrations of the reserve volume (t* = 70 s) were found to be similar to CAI, (t* = 10 s) instead of CAIV (t* = 7-0 s). An example is shown for subject d in fig 3. The same decrease of CAI, was found when the subject exhaled one long breath in sequential parts (fig 6) .
It is assumed that the fast decrease of the concentration of PER in alveolar air for t* < 10 s is caused by the PER absorption by mixed venous blood and that the decrease at t* > lO s up to t* = 55 s may be explained by fast distribution among fast perfused organs/tissues.8
EFFECT OF BREATH HOLDING ON ALVEOLAR CONCENTRATION AFTER EXPOSURE
To study conditions in which alveolar air and mixed venous blood equilibrate optimally, one has to consider the early postexposure period (<30 min after exposure) and the later postexposure period ( > 30 min after exposure) separately. after exposure respectively and it changes into arterial blood. During breath holding the net gas transfer across the membrane takes place until CAI, tends to equilibrate to Cven-that is, PAIV = Pv,,. During this equilibrium, the net gas transfer is zero and the venous arterial difference is also zero-that is, Pven = PArt = PAIV. To put it simply: during breath holding, mixed venous blood in the capillary bed absorbs/excretes until the alveolar concentration cannot decrease/increase further. Therefore it is plausible that the decrease or increase in CAIV can be described with an exponential curve.
In our study it is of interest to compare both the measured course (figs 5 and 6) and a theoretical estimated course of alveolar concentration as functions of the residence time during and after exposure; both methods yield the time required (t*eq) to equilibrate alveolar air with mixed venous blood. To obtain the theoretical course of CAIV a simplified model has been used which is described below and in the appendix.
After each inhalation a certain amount of time is needed before the alveolar concentration reliably represents Cven. The alveolar equilibration time depends upon (a) blood gas partition coefficient (A), PER has a A value of about 1569 and Q usually is about 6 I/min. The membrane diffusion capacity (mlgas/min/mm Hg) determines the validity of the common assumption that the partial pressures are similar in both end capillary blood (arterial) and alveolar gas. Once this assumption is seen to be valid, the theoretical approach is simplified.
The transit time of blood along the capillary is in the order of 1 s. In a theoretical study it was shown that the equilibration between CAI, and CArt iS 99% complete in 0 75 s for gases with high molecular weights (about 200).1o This figure remains constant even when the membrane diffusion capacity is strongly reduced. Since gases with a high molecular weight represent the greatest delay the assumption is also valid for PER (mol wt: 166).
The size of the effective alveolar volume (Vcrf) depends on the completeness of mixing of the inhaled air after each inhalation with the functional residual capacity (FRC). When after a single inhalation mixing is instantaneously completed, accurate estimation of Cv.. by means of exhaled alveolar air requires equilibration of the whole alveolar lung volume (inducing FRC) with mixed venous blood. In 1952, however, Fowler found that in a normal lung after a normal inhalation the gas mixing was uneven." During respiration simultaneous convection and gaseous diffusion take place. The latter is gas dependent and appears to be the most important. Nevertheless, the diffusion is clearly not sufficient to achieve 820 an even ventilation instantaneously for gases with high molecular weights.12 13 -tt alveolar sampling (<3%) in exposure experiments. Nevertheless outlyers can be explained by unusual CO2 values.
In summary, this study shows that accurate alveolar sampling provides a valid estimate of the PER concentration in mixed venous blood and in arterial blood. Because of the possibility of sampling alveolar air frequently, it provides an opportunity to study the fast and the slow kinetic aspects that become obvious in the mixed venous blood. Interindividual differences in the kinetics will become apparent by alveolar sampling. Mixed venous blood is more directly related to the solvent distribution in the body than arterial blood and therefore it is preferred. The subject inhales normally, holds his breath for 5 s, and exhales normally; at the end of exhalation an alveolar sample is taken of the concentration which seems to provide the best estimate of mixed venous concentration. During exposure, alveolar sampling after longer breath holding gives a valid estimate of Cven, but this Cven value is already influenced by fast distribution among fast perfused organs/tissues at stoppage of intake.8 An alternative procedure to obtain a valid estimate of mixed venous blood is the concentration in the expiratory reserve volume. The subject inhales and exhales normally; he then exhales a part of the expiratory reserve volume. After normal inhalation and exhalation without breath holding, alveolar concentration provides a reasonable estimate of the time weighted average of the arterial concentration.
The breathing technique for alveolar air sampling is much more critical during exposure than after exposure. During exposure breath holding decreases the alveolar concentration considerably. The alveolar sampling procedure must be described thoroughly when assessing the alveolar concentration or its derivatives such as retention.
In addition, this study shows that in the post- CA1v(t*eq) = Cven/A or PAIV(t*eq) = Pven
To simplify the estimation of the course of PAI, after an inhalation it is assumed that absorption by mixed venous blood starts at end of inhalation (t* = 2-5 s).
The inhaled alveolar volume VAI, with PI is mixed in V.ff during inhalation The second assumption was that the amount of gas group.bmj.com on July 6, 2017 -Published by http://oem.bmj.com/ Downloaded from Alveolar sampling of tetrachloroethene eliminated from the blood into alveolar gas was equal to the amount vented from alveoli into the atmosphere; this would imply that the amount of gas remaining in the alveolar volume was constant (steady state 
